Soil respiration releases a major carbon flux back to atmosphere and thus plays an important role in global carbon cycling. Soil respiration is well known for its significant spatial variation in terrestrial ecosystems, especially in fragile ecosystems of arid land, where vegetation is distributed sparsely and the climate changes dramatically. In this study, soil respiration in three typical arid ecosystems: desert ecosystem (DE), desert-farmland transition ecosystem (TE) and farmland ecosystem (FE) in an arid area of northwestern China were studied for their spatial variations in 2012 and 2013. Along with soil respiration (SR), soil surface temperature (ST), soil moisture (SM) and soil electrical conductivity (ECb) were also recorded to investigate the spatial variations and the correlations among them. The results revealed that averaged soil respiration rate was much lower in DE than those in TE and FE. No single factor could adequately explain the variation of soil respiration, except a negative relationship between soil temperature and soil respiration in FE (P < 0.05). Geostatistical analysis showed that the spatial heterogeneity of soil respiration in DE was insignificant but notably in both TE and FE, especially in FE, which was mainly attributed to the different vegetation or soil moisture characteristics in the three ecosystems. The results obtained in this study will help to provide a better understanding on spatial variations of soil respiration and soil properties in arid ecosystems and also on macroscale carbon cycling evaluations.
Introduction
Soil respiration is a major contributor to net carbon exchange in terrestrial ecosystems and has been estimated to about 25% of global CO 2 evolution [1] , and ranked secondly in magnitude just next to photosynthesis by plants [2] . Increasing concerns with global warming and its effects on our future environment require a better understanding and qualification of the global carbon cycling processes [3] , in which soil respiration plays a crucial role. Soil respiration in different terrestrial ecosystems, especially in forest ecosystems, has been extensively investigated due to its large organic carbon pools and fluxes. While in arid and semiarid lands, which occupy over 40% of the earth's total surface [4] , relatively less attention has been received compared with other ecosystems [5] [6] . Our knowledge about the variations of soil respiration and its controlling factors in the arid ecosystems is yet relatively limited [7] .
The process of soil respiration is affected by various abiotic and biotic factors, which all undergo significant temporal and spatial changes and hence difficult to grasp [8] . Understanding on spatial variation of soil respiration is crucial to estimate representative soil respiration within an ecosystem [9] , including those in arid areas, where the distribution of ecological factors and organisms is markedly patchy [10] [11] . As pointed out by [11] , spatial variations of soil characteristics are largely controlled by the spatial organization of perennial plants in desert ecosystems, noted as "islands of fertility". In addition to the effects of the patchy distribution of vegetation, heterogeneity of soil properties, such as soil temperature, soil moisture, soil salinity/alkalinity and soil microbial organic carbon, may further complicate the spatial variation of soil respiration [8] . As such, the specific spatial patterns of soil respiration and its relationship with these soil properties in arid ecosystems are still poorly known.
In this study, we try to characterize plot scale spatial variation of soil respiration in three typical arid ecosystems, including sandy soil in the desert ecosystem (DE), silty clay loam in desert-farmland ecotone (or the transition ecosystem TE) and sandy loam in farmland ecosystem (FE). Soil respiration (SR) was estimated using the soda lime method, along with related soil properties such as soil surface temperature (ST), soil moisture (SM) and soil electrical conductivity (ECb) being collected simultaneously. Our main objectives are to estimate and compare the magnitudes of soil respiration in different arid ecosystems and to figure out their controlling factors and also to illustrate their spatial variations by using geostatistic analysis.
Materials and Methods

Study Area
The Gurbantunggut desert is the second largest desert in China and is characterized by semi-mobile sand dunes [12] . This region has typical continental arid climatic features of scarce precipitation, intense evapotranspiration, windy, strong sunshine and severe variability of temperature [13] . Three study sites were selected near the southern edge of the Gurbantunggut desert: the desert ecosystem (DE), the transition ecosystem (TE) and the farmland ecosystem (FE) (Figure 1, Table 1 ). These three ecosystems were representative communities of this region, and were also set to form a transect from natural desert to cultivated land.
The desert ecosystem (DE) was located at 44˚25'N, 87˚54'E. The annual mean temperature in this site is estimated to be 6˚C -9˚C and the annual mean precipitation is about 200 mm, with a large annual evaporation around 2000 mm [14] . The dominant vegetation species is Haloxylon ammodendron, accompanied by only a few short-life vegetations in spring under the irrigation of snow melt water, and the total vegetation cover is less than 30% [12] [15] . This site is mainly covered by aeolian sandy soil, which has a pH value about 8.5, a salinity content of 0.44 mg/g and an electrical conductivity (EC) around 0.14 ms/cm [16] .
The transition ecosystem (TE) was located at 44˚17'N, 87˚56'E. This site belongs to Fukang station of Desert Ecology, Chinese Academy of Sciences. Its annual mean temperature is 5˚C -7˚C and annual precipitation is about 160 mm, with an annual evaporation larger than 1700 mm [17] . The plant community is dominated by Tamarix spp., a deep rooted halophyte shrub, with canopy coverage of approximately 17% [18] . The soil is a silty clay loam with high salinity content about 17 mg/g, electrical conductivity EC > 4 mS/cm and pH value around 8 [16] [19] . The salt is usually crystallized on the soil surface to form the white salt layer [16] .
The farmland ecosystem (FE) was located at 44˚17'N, 85˚51'E in Shihezi oasis. This site belongs to the Wulanwusu Agrometeorological Station. Its annual mean temperature and precipitation is estimated to be 7˚C and 210 mm, respectively. The annual evaporation reaches to the value of 1600 mm [20] . Cotton is the major economic crop and is densely planted in the middle April and harvested in the middle of October. The soil texture is mainly sandy loam with the average soil bulk density of 1.30 g/cm 3 [20] . A noteworthy feature is that this site was characterized by different irrigation methods including drip irrigation and flood irrigation. Flood irrigation was conducted in the middle part of this sampling site about 20 days before the experiment. 
Experimental Design and Soil Respiration Measurement
In both DE and TE sites, 36 soil sampling pixels were set up in late August 2012 at a 5 × 5 m grid. The FE was investigated in early September of 2013 and 27 soil sampling pixels were set up at a 5 m resolution within a 10 × 40 m plot subject to local conditionality (Figure 1) . Although different sampling strategies were adopted between DE/TE and FE, each sampling design could reflect the respective spatial characteristic of the three sites. The experimental dates were decided when soil temperature and soil moisture are approaching their annual average levels. Soil respiration was measured using soda lime absorption method followed the protocol of Keith and Wong [21] , which enabled us to conduct a number of measurements simultaneously. In all three ecosystems, soil respiration was measured continuously over a 24 h sampling period to provide a mean daily rate (gC/m 2 /d). Before the measurements, the chambers (made of PVC collar with an area of 86 cm 2 and a volume of 1800 cm 3 ) were inserted into the soil surface to a depth of approximately 2 cm several days ahead of time when soda lime was placed in order to avoid effects of soil disturbance. The aerial part of live vegetation inside the chambers was also removed to prevent CO 2 uptake. Soda lime in granules of 2 -4 mm mesh size was used. Approximately 15 g (in DE and TE, 25 g in FE) of soda lime per dish (aluminum dish with an area of 19.6 cm 2 and a lid) was oven-dried at 105˚C for 20 h until reaching a constant weight. The soda lime loaded dishes were weighed in order to record exact initial dry weights. Then the soda lime was rewetted using a spray and the dishes were cov-ered with lids, put into airtight plastic bags and transported to the fields. Afterwards, we placed the dish on the soil surface inside the chamber, removed the lid of the dish and finally sealed the chamber tightly with plastic membrane. The closing and opening time of each chamber was recorded to exactly determine the absorption period.
After having absorbed CO 2 emitted from soil for about 24 h, dishes were taken out and covered immediately before transported to the laboratory promptly, in which they were oven-dried at 105˚C to constant values for reweighing. In order to reduce experimental errors, soda lime was handled with care to prevent extra exposure to the air during the entire measurement period. Moreover, blank measurements were made to account for CO 2 that was not released by soil respiration but yet absorbed by soda lime during the experimental procedure: dishes with the same weight of soda lime which underwent the entire procedure of drying and weighing, were placed in blank chambers and left for the same period in the field to simulate conditions of the incubating chambers [21] .
The calculation formula is based on Keith and Wong [21] :
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Measurements of Environmental Factors
Along with soil respiration measurements, several controlling environmental factors were also recorded during the sampling periods. Soil moisture (SM), soil dielectric constant (εb), pore water conductivity (ECp), electrical conductivity (ECb) and soil surface temperature (ST) were measured using time domain reflectometry (TDR, Delta-T Devices, Cambridge, England). Additionally, ST was also measured using an infrared video thermography of FLIR CPA 0170 (FLIR Systems, Wilsonville, OR, USA). However, the data of ECp in DE and TE, and the ECb data in DE were not recorded accurately and thus eliminated from further analysis.
Statistical Analysis
Descriptive statistics including mean value, standard deviation (SD) and coefficient of variation (CV) were calculated and one-way analysis of variance (ANOVA) and Tukey's HSD test were used to verify whether there were significant differences among the mean values at the 95% confidence levels. The correlations between SR and ST, SR and SM, as well as SR and soil electrical conductivity were analyzed using Pearson correlation method. Geostatistics were then used to evaluate spatial variation in these ecosystems. Geostatistics allow for the determination of the magnitude of spatial dependence and the scale of spatial autocorrelation among measurement points [22] [23] . The central tool in geostatistics is the semivariance statistic. The calculation of semivariances was performed using the geostatistics software GS+ (Gamma Design, 1995) and was estimated by the equation:
where N(h) is the number of measurement pairs separated by distance h, z(s i ) is the value of the variable of interest at location s i , and z(s i + h) is its value at a location at distance h from s i [24] . Graphing the semivariance values across all separation distances provided the semivariogram [25] . A typical semivariogram has a nugget variance (C 0 ) and the variance will increase up to the sill variance (C 0 + C) with increasing separation distance. The distance where the sill reaches is called the range. The measurement points estimated within this range are spatially autocorrelated, otherwise points outside this range are deemed independent [22] [26] . The proportion of the nugget variance (C 0 ) to sill variance (C 0 + C) is calculated to evaluate the magnitude of the spatial dependence [22] [27]- [29] .
Results
Descriptive Statistics of SR and Controlling Factors
For the three ecosystems, the statistical results of the SR and respective controlling factors of the three ecosystems were summarized in the Table 2 , and the comparison of SR, ST and SM were showed in the Figure 2 . The average value of soil respiration of TE was the highest (0.166 gC/m 2 /h) among the three sites, almost two times higher than the value of DE (0.061 gC/m 2 /h), but only slightly higher than that of FE (0.147 gC/m 2 /h). Considering the CV values of SR, TE had the maximum (57.8%), while DE (29.5%) was approximately at the same low level with that in FE (27.2%), indicating that the variation of SR in TE was much significant than in the other two ecosystems. The difference of soil moisture among the three ecosystems was also remarkable, with the value of 20.1% in FE, much greater than that of TE (9.70%) or DE (4.18%). However, TE presented the most significant CV value of 46.5%, suggesting the largest variation of soil moisture in this ecosystem.
Soil electrical conductivity (ECb) of DE could not have been detected precisely using TDR, mainly because of the extremely low salinity content close to zero (<0.5 mS/m) in this area [16] , as the resolution of TDR on ECb was 1.0 mS/m. Although in FE, ECb value was obviously larger than that in TE, the CV values of both two ecosystems were very similar. The average values of soil surface temperature in three ecosystems were different to each other, but their CV values remained relatively low levels (5.40% in DE, 7.40% in TE and 10% in FE), indicating that temperature was less variable in all three ecosystems. Small CV values of ST and large CV values of SR and SM suggested that the effect of soil temperature on SR variation was not significant, whereas the soil moisture may play a more important role in these arid ecosystems.
Correlations between SR and Controlling Factors
Scatter diagrams between SR and environmental factors of the three ecosystems were presented in Figure 3 . Correlation analysis (Table 3) suggested that in DE, there was no significant correlation between soil respiration and environmental factors, indicating that no single factor could adequately explain the variation of soil respiration. In this area, the soil electrical conductivity value approached zero, indicating rather low salinity content of the soil. Similar situation was also found in TE, with no significant correlations between soil respiration and environmental factors being identified. However, significant negative correlation was found between soil temperature and soil moisture (P < 0.05), as well as between soil temperature and soil electrical conductivity (ECb) (P < 0.01) in TE, with values of −0.381 and −0.482, respectively. In addition, the correlations between soil moisture and soil electrical conductivity (ECb) were highly significant in all the cases (P < 0.01), suggesting the strong correlation between the two parameters. In FE, the correlation of soil respiration and soil temperature had a negative value of −0.412 (P < 0.05), indicating that increasing of soil surface temperature may lead to a decline of soil respiration rate in this area. For all three ecosystems, soil respiration had positively correlations with both soil temperature and soil moisture (P < 0.05), but no significant relationship was found with soil electrical conductivity.
Spatial Structures of SR and Controlling Factors
Semivariograms of soil respiration rates, soil temperature, soil moisture and soil ECb of the three ecosystems are given in the Figure 4 . Furthermore, the key parameters of semivariograms are shown in the Table 4 . The optimal model of SR semivariogram was found to be a linear model, while Gaussian model for soil temperature and spherical models for both soil moisture and soil ECb fit best. In general, most models had high coefficients of determination, as judged from their R 2 values. We have also calculated the proportion of nugget to sill to evaluate the magnitude of the spatial dependence in each site. As a rule of thumb, strong spatial autocorrelation occurs when the proportion is lower than 0.25, and moderate autocorrelation happened when the proportion is within the range of 0.25 and 0.75, and weak autocorrelation with the proportion larger than 0.75 [30] . From the Table 4 , the value of nugget to sill for SR in DE was 0.907, followed by 0.62 in TE and 0.46 in FE. This suggested that a very weak spatial dependence occurred in the desert ecosystem, indicating a rather homogeneous or random spatial structure in this site, while moderate spatial dependences were found in both TE and FE sites. From DE to TE and FE, the spatial dependence was becoming stronger and the spatial heterogeneity was gradually getting apparent. In both DE and TE, the spatial dependence of SR was mainly affected by random factors, especially in DE because they had relative large nugget values, whereas in FE, the structural factors mainly accounted for the spatial dependence. The ranges of spatial dependence of the three ecosystems were all about 16 m, indicating that the spatial dependence of soil respiration rates occurred almost within the same scale.
Semivariograms of soil moisture had a range of 9.03 m, 8.33 m and 25.59 m in DE, TE and FE, respectively, suggesting that the spatial dependence of soil moisture varied in different scales among different ecosystems. According to the semivariogram of soil moisture in FE, the patchy distribution of soil moisture was seldom appeared, and the heterogeneity was large and smoothly continuous, reflecting a gradual changing structure, which was probably owing to the zonal distribution of cotton plantation. As a comparison, obvious patchy structures and more shapely discontinuity were identified in DE and TE, reflecting hot and cold spots of the measured values [24] , as showed in the Figure 5 . This heterogeneity was mainly attributed to the patchy distribution of the plantation of Haloxylon in DE and Tamarix spp. in TE. Additionally, the difference of ECb between TE and FE showed similar situations with soil moisture. Figure 5 . Isopleths for the soil respiration (SR), the soil temperature (ST), the soil moisture(SM) and the soil electrical conductivity (ECb) of the three ecosystems.
Discussion
Soil Respiration and Environmental Factors
Although the soda lime method, which was used to measure the daily average soil respiration rates over three arid ecosystems in this study, remains disputable about its accuracy, e.g. non-flow through chambers tended to have higher values due to absorption of CO 2 in the headspace to below ambient concentrations [21] , we are relatively confident about our results since a number of similar counterparts were reported. For instance, soil respiration rate of TE was found to be comparable to those reported in similar ecosystems [7] [19] [20] [31], while the soil respiration in FE was parallel with the results of Zhang, et al. [32] and Bai, et al. [33] . Even in DE, soil respiration also had a similar order of magnitude with the data from the review of Raich and Schlesinger [6] and Cable, et al. [34] [35] . Although flow-through non-steady-state (FS-NSS) IRGA method are widely used to continuously measure soil respiration rate nowadays, simultaneous measurements of a large number of replicates still require this traditional soda lime absorption method be applied.
Soil temperature and soil water content are commonly considered to be the key environmental factors that re-sponsible for variation in soil respiration [3] [36] [37] . Fluctuations of soil temperature and/or soil moisture can well explain the temporal variation of soil respiration, both diurnally and seasonally. Furthermore, a combination of soil temperature and soil water content can usually improve the estimation of soil respiration. For example, the sensitivity of soil respiration to temperature frequently increases as soil water content increases [38] - [40] . However, opposite cases were also identified, e.g. high soil temperature suppressed soil respiration which was mainly because of drought stress nearby TE site as found by Naramoto and Wang [41] . However, it seems that no single factor can explain the spatial variation adequately as compared with the temporal variation [40] [42] . Spatial variation of soil respiration could occur dramatically even within small distance of centimeters [43] , and there tends to be no factor which can be solely responsible for such substantial heterogeneity correspondingly. Similarly, in our case, no significant correlation between soil respiration and controlling environmental factors were found in both DE and TE sites, identical to the results from Panosso's research [44] . Significant relationships were reported for spatial variation of SR and soil moisture [7] [45] [46] , C/N ratio and topsoil bulk density jointly [43] , plant root and plant residue patterns [25] in previous studies, but the correlation between spatial variation of SR with single soil temperature or soil moisture was barely reported, suggesting that when spatial variation is investigated, soil properties and/or vegetation information should be paid more attention to beyond soil temperature and soil moisture.
Sampling size may be another important aspect that having determined the correlations between SR and environmental factors. Larger sampling sizes generally permit more accurate estimations, but often limited by labor or time constraints, and also depend on the spatial heterogeneity of soil respiration rates [47] . In current study, only 36 or 27 sampling pixels were established in each ecosystem, which may not be sufficient. However, when all the data of the three ecosystems were combined together, correlations between SR and controlling factors emerged, suggesting that sampling size may need to be properly determined.
Spatial Variations of Soil Respiration in Three Ecosystems
Spatial variation of soil respiration occurs at various scales, from a few square centimeters to several hectares up to the globe [48] [49] . Compared with temporal variation of soil respiration, which can be frequently well explained by environment factors such as soil temperature and soil moisture, the spatial variation of SR tends to be more complicated because of its high spatial variation, especially in semiarid and arid areas [8] [10] . As a result, there are always cases that no evident controlling factor could be detected with significant spatial variations, except that variables related to forest structure may have explained some of the variation of soil respiration [50] . Generally, different positions apart from a plant have been investigated for spatial heterogeneity of SR in arid ecosystems, in which the existence of vegetation might play an important role in manipulating the spatial heterogeneity [10] [11], e.g., Ma, et al. [19] designed an experiment in an adjacent site near TE to measure SR rates along a transect from the site near plant stem to the interplant space to capture individual-based variation and suggested that SR rates decreased with the increase of distance away from the plant stem. In addition, Wang, et al. [45] found that the location of the high value positions of soil moisture, soil microbial biomass carbon and soil respiration were clearly around the positions of scrubs. Furthermore, Stoyan, et al. [25] estimated that the main causes of soil heterogeneity around poplar trees were likely to be controlled in part by root and plant at micro scales.
Alternatively, we aimed to provide a meaningful reference considering the larger plot scale heterogeneity of soil respiration. In this study, we compared the spatial variation of soil respiration under three different ecosystems and found distinctly different degree of spatial variation among them. Soil respiration in the TE had a great variance with the CV of 57.8%, much larger than those of DE (29.5%) and FE (27.2%). Compared to DE and FE, the soil surface of TE may exhibit a more "patchy" structure feature [11] [43] . In this site, the predominant plantations of Tamarix spp. were sturdy with larger diameter at breast height (DBH) and basal area (BA), which were scattered to develop "islands of fertility" phenomenon. Besides soil respiration rate, the CV of soil temperature, soil moisture and soil electrical conductivity in TE were all larger than in DE and FE, indicating the most significant heterogeneity among the three ecosystems. In DE, Haloxylon ammodendron was relatively scarce with lower productivity. Soil respiration was weak and less influenced by the distribution pattern compared with TE.
Although the descriptive statistics (SD and CV) are the first indicators of spatial variation, they cannot reveal the real situation of spatial heterogeneity because no information on the points of the spatial distribution is available [9] [44] . Hence, geostatistics were employed in this study to figure out their spatially structured phenomena which may provide a means for defining the magnitude of spatial dependence and the scale of autocorrelation [22] [26] . As a central tool in geostatistics, the semivariance statistic is extensively applied to evaluate the spatial heterogeneity of soil respiration in forest ecosystems [25] [26] [48] or farmland ecosystems [7] [44], but there are few reports using geostatistical analysis to clarify the spatial structure of soil respiration in the arid desert ecosystems. Wang, et al. [45] conducted an experiment in an area adjacent to the our TE site which contained 42 sampling points with 2 m grids and found a moderate spatial autocorrelation of SR with the nugget to sill value of 0.49 and a range of 4.78 m, compared with our more homogeneous distribution as deduced from larger nugget/sill value of 0.62 and range of 16.35 m. It is reported that the range of spatial variation models of SR changed temporally [25] [26] [51] and could also be affected by the plot size [52] , which might account for the discrepancy.
Topography and vegetation conditions in the monoculture plantations were relatively homogeneous [47] . However, in our case, based on geostatistic method rather than CV values, the spatial heterogeneity of the cotton field (FE) exhibited most significantly, probably due to the different irrigation management within this site. Our sampling points spread on the site which was characterized by two different irrigation methods including drip irrigation and flood irrigation, and flood irrigation was conducted in the middle part of this sampling site about 20 days before the experiment, which could dramatically change the soil properties and generate inhomogeneity of SR rates in this area. As the Figure 5 showed, soil moisture and soil respiration were significantly larger in the middle area where irrigation was conducted. Compared to DE and TE, which presented the patchy structure of soil respiration and soil moisture, FE tended to show zonal distribution (see the Figure 5 ) mainly owing to the vegetation and irrigation characteristics. In summary, although CV values showed that TE had the largest variation, we believe that the more reliable geostatistic method provided the real spatial heterogeneity status, with the order of significance as FE > TE > DE.
Conclusion
Geostatistical analysis offers a reliable method to investigate the spatial variation of soil respiration. Soil respiration in desert ecosystem tends to show relatively small spatial variation owing to the homogeneous structure of soil properties. While in transition area, larger xerophytes may play a more important role in controlling the spatial pattern of soil surface properties including soil respiration. In arid region, irrigation is necessary for agriculture production, which can result in significant change in soil respiration. Soil moisture may be the decisive factor in many occasions in this drought area, but different from temporal variation, multiple factors are needed to verify the spatial variation of soil respiration.
